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Abstract
Although Northern red oak (Quercus rubra L.) is the most important introduced deciduous tree species in Germany, only little 
is known about its genetic variation. For the first time, we describe patterns of neutral and potentially adaptive nuclear genetic 
variation in Northern red oak stands across Germany. For this purpose, 792 trees were genotyped including 611 trees from 
12 stands in Germany of unknown origin and 181 trees from four populations within the natural distribution area in North 
America. Our marker set included 12 potentially adaptive (expressed sequence tag-derived simple sequence repeat = EST 
SSR) and 8 putatively selectively neutral nuclear microsatellite (nSSR) markers. Our results showed that German stands 
retain comparatively high levels of genetic variation at both EST-SSRs and nSSRs, but are more similar to each other than 
to North American populations. These findings are in agreement with earlier chloroplast DNA analyses which suggested 
that German populations originated from a limited geographic area in North America. The comparison between potentially 
adaptive and neutral microsatellite markers did not reveal differences in the analyzed diversity and differentiation measures 
for most markers. However, locus FIR013 was identified as a potential outlier locus. Due to the absence of signatures of 
selection in German stands, we suggest that introduced populations were established with material from provenances that 
were adapted to environmental conditions similar to those in Germany. However, we analyzed only a limited number of loci 
which are unlikely to be representative of adaptive genetic differences among German stands. Our results suggest that the 
apparent introduction from a limited geographic range in North America may go along with a reduced adaptive potential.
Keywords Quercus rubra · Introduced species · Nuclear microsatellites · EST · Genetic variation
Introduction
The introduction of Northern red oak (Quercus rubra L.) 
from its natural range in North America to Europe dates 
back to the end of the seventeenth century, when it was 
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likely first brought to France (Houba 1887; Hickel 1932). 
Until the middle of the eighteenth century, Q. rubra was 
planted in parks and botanical gardens for ornamental pur-
poses (Bauer 1951; Nagel 2015). After two major waves 
of cultivation in the second half of the nineteenth century 
and at the turn of the nineteenth to the twentieth century, it 
is now the most important non-native deciduous tree spe-
cies for wood production in Germany (Bauer 1951; Bun-
desministerium für Ernährung und Landwirtschaft (BMEL) 
2014). Nagel (2015) described Q. rubra as a species cover-
ing a wide range of soil and climatic conditions with annual 
precipitation between 600 and 2000 mm and mean annual 
temperatures between 4 and 15 °C and featuring a shorter 
rotation period (~ 80–120 years) than native white oak spe-
cies (~ 140 years), as well as a lower demand for nutrients 
and water.
Unlike other European countries (Möllerová 2005; 
Riepšas and Straigytė 2008; Chmura 2013), Q. rubra is not 
considered invasive in Germany. It is less shade-tolerant 
than the main native tree species Fagus sylvatica L. and 
only little more shade tolerant than the native white oak 
species Q. robur L. (Vor and Lüpke 2004; Niinemets and 
Valladares 2006; Nagel 2015). Moreover, it is easily con-
trollable by containment measures (Vor 2005; Nagel 2015).
Introduced species are usually expected to experience a 
founder effect and genetic bottlenecks that greatly promote 
genetic drift and can result in decreased genetic variation, 
especially if only a limited numbers of trees served as seed 
source and/or only a small part of the species’ natural range 
was sampled (Nei et al. 1975; Barrett and Husband 1990). 
In the past, several studies were conducted to reveal patterns 
of genetic variation within Northern red oak’s natural range 
(e.g., Daubree and Kremer 1993; Romero-Severson et al. 
2003; Magni et al. 2005; Zhang et al. 2015; Borkowski et al. 
2017). However, only few studies focussed on the impact of 
the introduction on genetic variation of Northern red oak 
populations in Europe (Magni Diaz 2004; Merceron et al. 
2017; Pettenkofer et al. 2019).
Borkowski et al. (2017) found that the genetic differentia-
tion between Northern red oak populations increased from 
south to north within the natural range, reflecting its post-
glacial migration movement, but without revealing distinct 
pathways. Magni Diaz (2004) used chloroplast (cp) DNA-
based PCR–RFLP (restriction fragment length polymor-
phism) markers to analyze the genetic variation of intro-
duced stands mainly located in France and Germany with 
only a few samples from the Netherlands, Belgium, Spain, 
Italy, and Romania. Interestingly, Magni Diaz (2004) found 
greater total and within-population diversity as well as dif-
ferentiation between populations for historical German pop-
ulations in comparison with historical French populations 
potentially as a result of different import and forest policies 
in these countries. However, for all European populations, 
Magni Diaz (2004) could not identify a geographic pattern. 
Recently, Pettenkofer et al. (2019) used maternally inherited 
chloroplast DNA markers to analyze the genetic variation of 
German stands in comparison with North American popula-
tions. Most German stands showed very similar haplotype 
frequencies and low haplotype diversity, pointing to a lim-
ited number of seed sources. A considerably higher cpDNA 
haplotype diversity was detected in Southern Germany. Mul-
tiple introductions and admixture of material within Europe 
or prior to its introduction to Europe were suggested as 
possible reasons for high haplotype diversity within certain 
regions (Magni Diaz 2004; Pettenkofer et al. 2019). While 
it was not possible to narrow down the geographic origin to 
specific regions in North America, patterns of genetic vari-
ation suggested an origin from a limited geographic area, 
likely in the northern part of the species’ distribution range 
(Magni Diaz 2004; Pettenkofer et al. 2019).
Merceron et al. (2017) studied single-nucleotide poly-
morphism (SNP) markers randomly distributed across the 
genome in European populations, mainly in France, but also 
including samples from Germany, the Netherlands, Belgium, 
Spain, Italy, and Romania, and compared them with data for 
North American populations. Three main genetic clusters 
were identified in North America: in the south, the north-
east, and the northwest, respectively. However, only trees 
representing the two northern clusters were found in Europe. 
Merceron et al. (2017) stated that trees representing the 
southern cluster were either never introduced to Europe or 
vanished eventually. They suggested that European popula-
tions may thus originate from the northern part of the natural 
range, a conclusion supported by other studies on this topic 
(Bauer 1954; Magni Diaz 2004; Nagel 2015; Pettenkofer 
et al. 2019).
This study used some of the same populations that were 
analyzed earlier with chloroplast SSR markers (Pettenkofer 
et al. 2019). In contrast to chloroplast SSR markers, which 
are maternally inherited in Q. rubra and therefore useful 
to track migration routes (Petit et al. 1997; Alexander and 
Woeste 2014), nSSR markers are biparentally inherited and 
much more polymorphic. However, nSSR markers require 
a considerably larger set of samples per population. For the 
first time, we describe patterns of neutral and potentially 
adaptive nuclear genetic variation in Northern red oak stands 
across Germany.
The main objective of the present study was to assess the 
genetic variation of German Northern red oak stands by ana-
lyzing variable potentially adaptive (expressed sequence tag-
derived simple sequence repeats = EST SSR) and putatively 
selectively neutral nuclear microsatellite (nSSR) markers 
and to compare German stands with selected North Ameri-
can populations.
We hypothesize that (1) the Q. rubra gene pool intro-
duced to Germany represents only a fraction of the North 
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American gene pool, and (2) potentially adaptive genetic 
markers show different variation patterns compared to neu-
tral markers.
Materials and methods
Plant material
In total, 792 trees were genotyped in this study includ-
ing 611 trees from 12 stands in Germany of unknown 
origin (48–57 samples per stand; Table 1, Fig. 1) and 181 
trees from four populations within the natural distribu-
tion area in North America (40–47 samples per popula-
tion; Table 2, Fig. 2). The selection of the study sites was 
based on the chloroplast haplotype frequencies identified 
earlier in these populations based on smaller sample sizes 
(5–10 samples per population) (Pettenkofer et al. 2019). 
Due to the strict maternal inheritance and lower variation 
of cpDNA, these sample sizes allowed to characterize 
39 stands in Germany and 19 populations in the USA 
and Canada. In the study carried out by Pettenkofer et al. 
(2019), most German stands had the most common hap-
lotype “A.” The next frequent haplotype “B” was found 
exclusively in the northern parts of the natural range. Two 
of the three haplotype clusters identified in the natural 
range were also found in German populations. Stands 
located in the southwest of Germany had a higher hap-
lotype variation compared to other sampled stands. The 
populations within the natural range used in this study 
Table 1  Study sites in Germany 
as described in Pettenkofer et al. 
(2019)
# Land Region District N Latitude Longitude Altitude (m)
1 Lower Saxony Dassel Sievershausen 57 51.77971 9.58899 524
7 Rotenburg Diensthoop 53 52.94624 9.36675 69
18 North Rhine-Westphalia Niederrhein Leucht 5 52 51.53741 6.49099 68
20 Leucht 7 49 51.53946 6.49804 72
21 Baden-Württemberg Offenburg Schutterwald 1 58 48.45871 7.86786 158
22 Schutterwald 2 49 48.45346 7.85918 148
24 Schutterwald 4 45 48.45299 7.85969 148
26 Oberkirch Renchen 54 48.57306 7.99869 171
31 Thuringia Neustadt Strößwitz 2 48 50.76442 11.7242 392
32 Jena Holzland 49 50.77549 11.64021 372
35 Brandenburg Potsdam Güterfelde 1 48 52.45505 13.0795 47
38 Güterfelde 3 49 52.38356 13.00608 38
Fig. 1  Study sites in Germany
Table 2  Study sites in North 
America ( )
MI Michigan, WI Wisconsin
*Approximation
a Lind and Gailing (2013)
b Liesebach and Schneck (2011)
Abbreviation Region N Latitude Longitude Altitude (m)
BR1a Brockway Mountain, MI 48 47.46616 − 87.91671 355
FC-Ba Ford Forestry Center, MI 48 46.67442 − 88.52427 393
Constance  Bayb Ottawa, Constance Bay 48 45.49094* − 76.07482* 60*
Nantahalab Clay, Nantahala, Tusquitee 48 35.27477* − 83.54827* 630*
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were selected from the northern and southern parts of the 
range that were different based on the chloroplast haplo-
types, and samples were available in sufficient numbers 
for them. Samples were taken randomly in each popula-
tion as buds, green leaves, or cambium probes.
Within Germany, sample stands were selected in 
five different federal states of Germany (Table 1): two 
stands in each of Lower Saxony, North Rhine-Westphalia, 
Brandenburg, and Thuringia and four stands in Baden-
Wuerttemberg, where Pettenkofer et al. (2019) discovered 
the highest chloroplast variation. All German stands were 
(1) pure Q. rubra stands, (2) 50–80 years old, (3) featured 
a rectangular shape for easier data acquisition, and (4) 
both the present and expected future climate conditions 
matched their autecological properties.
DNA isolation
The DNeasy 96 Plant Kit (Qiagen, Hilden, Germany) was 
used to extract the DNA from either about 1 cm2 leaf tissue 
of the fresh leaf or 1–2 whole buds from a fresh twig per tree.
Extraction of DNA from cambium samples was per-
formed with the DNeasy Plant Mini Kit (Qiagen, Hilden, 
Germany) using the respective manufacturer’s protocol 
with the following changes: The incubation of cambium 
samples took place overnight at 65 °C in a lysate containing 
the buffer AP1 and 9.4% polyvinylpyrrolidone (PVP) in the 
final solution.
EST‑ and neutral nuclear SSR markers
For initial testing, we selected 25 nuclear microsatellite mark-
ers arranged in 4 multiplexes (Supplementary Table 1S). Five 
of them (FIR043, FIR004, quru-GA-2M04, quru-GA-2F05, 
and GOT037) were removed due to difficulties in amplifi-
cation or allele scoring. Finally, we used 12 EST-SSR and 
8 neutral nSSR markers (Aldrich et al. 2002; Durand et al. 
2010; Sullivan et al. 2013; Supplementary Table 1S).
Before the preparation of the specific multiplexes, each 
forward and reverse primer was diluted to a concentration of 
5 pM/µl. Except for multiplex 4 (as explained further below), 
the PCR mix contained for each sample the following com-
ponents: 1 µl of genomic DNA (about 0.6 ng/µl), 1.5 µl PCR 
buffer (containing 0.8 M Tris–HCl and 0.2 M  (NH4)2SO4), 
1.5 µl  MgCl2 (25 mM), 1 µl of each dNTP (2.5 mM), and 1 
U HOT  FIREPol® Taq-polymerase (Solis BioDyne; Tartu, 
Estonia). In addition, the following components were added 
to their specific multiplex in the denoted amount: multiplex 
1–0.8 µl  ddH2O and 1 µl of each forward and reverse primer 
for the markers quru-GA-1P10, quru-CA-2P24, quru-CA-
3A05, and quru-CA-3D15, respectively; multiplex 2–0.8 µl 
 ddH2O and 1 µl of each forward and reverse primer for the 
markers FIR043, FIR035, FIR028, and FIR013, respectively; 
multiplex 3—two separate PCRs were performed—(1) 4.8 µl 
 ddH2O and the denoted amount for each forward and reverse 
primer for the markers quru-GA-0E09 (1 µl), quru-GA-C06 
(0.6 µl), and quru-GA-F07 (0.4 µl), (2), 3.8 µl  ddH2O and 
the denoted amount for each forward and reverse primer 
for the markers GOT021 (0.8 µl), FIR024 (0.8 µl), FIR031 
(0.5 µl), and quru-GA-2M04 (0.4 µl). The products of the 
last two PCRs were pooled before electrophoretic separation.
Multiplex 4 was performed with the following PCR mix per 
sample: 8.5 µl Multiplex PCR Kit (Qiagen, Hilden, Germany) 
and the denoted amount for each forward and reverse primer 
for the markers PIE040 (1 µl), GOT037 (1 µl), quru-GA-2F05 
(0.6 µl), quru-GA-0C11 (0.4 µl), FIR104 (0.4 µl), PIE125 
(0.4 µl), VIT107 (0.4 µl), VIT023 (0.4 µl), and GOT040 (0.3 µl).
The same touchdown PCR program was used for all 
markers in a Biometra TProfessional thermocycler (Jena, 
Germany). The PCR protocol started with 15 min for ini-
tial denaturation at 95 °C, followed by 10 cycles of 1-min 
denaturation at 94 °C, 1-min annealing at 60 °C (− 1 °C per 
cycle), and 1-min extension at 72 °C. This first set of cycles 
was then followed by another 25 cycles of 1-min denatura-
tion at 94 °C, 1-min annealing at 50 °C, and 1-min extension 
at 72 °C. The PCR ended with a final 20-min extension step.
Before adding to HiDi formamide, the PCR products were 
diluted for capillary gel electrophoresis based on band inten-
sities on agarose gels in the ratios of 1:150 for multiplexes 
Fig. 2  Populations in North America
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1 and 2 and 1:60 for multiplexes 3 and 4. The SSR frag-
ments were separated using capillary electrophoresis on an 
ABI Genetic Analyzer 3130xl (Applied Biosystems, Foster 
City, USA) and sized using the internal size standard GeneS-
can™ 500 ROX™ as reference for multiplexes 1 and 2 and 
GeneScan™ 500 LIZ™ as reference for multiplexes 3 and 
4 (Applied Biosystems, Foster City, USA). The fragments 
were scored using the software package GeneMapper ver-
sion 3.7 (Applied Biosystems, Foster City, USA).
Data analyses
Based on the obtained SSR genotypes, the software 
GenAlEx 6.5 (Peakall and Smouse 2006, 2012) was used 
to calculate the number of alleles Na, the effective number 
of alleles Ne, the observed heterozygosity Ho, the expected 
heterozygosity He, and the genetic differentiation measures 
D (Jost 2008) and FST for all markers and populations. We 
chose to calculate both differentiation parameters because 
traditional FST can underestimate differentiation for such 
highly polymorphic markers as SSRs (Jost 2008). The 
fixation index FIS and the test for significant differences of 
its values from 0 were calculated with FSTAT 2.9.3 with 
P-values adjusted using the sequential Bonferroni proce-
dure (Rice 1989; Goudet 1995). The Kruskal–Wallis test 
was used to identify significant differences between German 
and North American populations for all diversity parameters 
(Table 3) using the software R version 3.3.2 (R Core Team 
2016). Also, the Kruskal–Wallis test with multiple compari-
sons implemented in the R-package “pgirmess” (Giraudoux 
et al. 2018) was used to test for pairwise differences among 
all populations. The implemented multiple-comparison test 
determines which population pair shows significant differ-
ences. To visualize population differences, we further used 
GenAlEx 6.5 to perform a principal coordinates analysis 
(PCoA). This cluster analysis was based on the pairwise 
genetic distance matrix between populations and between 
individuals. The PCoA assigns a location for each individual 
or population within a multidimensional space. Two or three 
first main axes that explain most of the genetic differentia-
tion between individuals and/or populations are usually pre-
sented in a plot based on this analysis (Peakall and Smouse 
2012). In this study, the genetic distance matrix was based 
on Jost’s D (Jost 2008) calculated using GenAlEx 6.5.
To build a neighbor-joining tree (NJT), the genetic dis-
tance DA by Nei et al. (1983), which is especially suited 
for microsatellite markers (Takezaki and Nei 1996), was 
calculated using the Populations 1.2.32 software (Langella 
1999). The bootstrap values were based on 1000 permu-
tations across loci, and the NJT was visualized using the 
online software IcyTree (Vaughan 2017).
Table 3  Mean diversity 
parameters for all populations 
based on 20 nuclear 
microsatellite markers (SSRs)
N number of samples, Na mean number of alleles, Ne mean effective number of alleles, Np number of pri-
vate alleles, Ho observed heterozygosity, He expected heterozygosity, FIS fixation index (all values were 
not significantly different from 0), FST (over all loci), Jost’s D (over all loci); P probability of difference 
between German and North American populations
Population N Na Ne Np Ho He FIS FST Jost’s D
1 57 9.35 4.65 0 0.58 0.63 0.074 0.010 0.016
7 53 9.40 5.13 2 0.61 0.63 0.040 0.012 0.020
18 52 8.75 4.49 0 0.61 0.62 0.025 0.016 0.027
20 49 9.10 4.57 0 0.62 0.62 0.017 0.012 0.019
21 58 9.75 4.92 0 0.61 0.64 0.053 0.013 0.021
22 49 9.35 4.35 1 0.59 0.63 0.072 0.013 0.024
24 45 9.00 4.55 2 0.61 0.64 0.059 0.009 0.016
26 54 9.35 4.89 2 0.62 0.64 0.043 0.017 0.027
31 48 9.95 5.11 0 0.61 0.64 0.055 0.008 0.013
32 49 9.25 4.74 0 0.60 0.62 0.038 0.011 0.019
35 48 9.65 5.34 1 0.61 0.66 0.077 0.011 0.018
38 49 9.90 5.38 1 0.61 0.64 0.047 0.010 0.014
Mean (Germany) 51 9.40 4.84 0.75 0.61 0.63 0.050 0.012 0.020
BR1 48 10.50 5.16 9 0.60 0.68 0.126 0.024 0.050
Constance Bay 48 9.80 5.01 5 0.61 0.64 0.065 0.018 0.032
FC-B 48 8.65 4.56 2 0.59 0.64 0.099 0.039 0.032
Nantahala 48 8.80 4.55 3 0.57 0.62 0.097 0.018 0.031
Mean (North America) 48 9.44 4.82 4.75 0.59 0.65 0.097 0.025 0.036
P 0.90 0.95 < 0.01 0.08 0.41 0.011 < 0.01 < 0.01
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Arlequin version 3.5 (Excoffier and Lischer 2010) was 
also used to perform an analysis of molecular variance 
(AMOVA) by applying 9999 permutations for all popula-
tions (the entire dataset), all German populations, and the 
four North American populations (Excoffier et al. 1992). The 
software computes a matrix of pairwise distances between 
all populations using the number of different alleles (FST-
like). Further, Arlequin was also used to search for outlier 
loci that could be potentially under selection (Excoffier 
et al. 2009). Here, 50,000 simulations and 100 demes were 
selected as running conditions.
To make inferences about the potential population 
structure and number of clusters that can be identified in 
our genotyped samples, we used the software STRU CTU 
RE 2.3.4 by Pritchard et al. (2000). STRU CTU RE uses a 
model-based statistical clustering method within a Bayesian 
framework to assign individuals to populations and detect 
population structure over all sampled multilocus genotypes 
(Pritchard et al. 2000; Falush et al. 2003). We used 10,000 
and 100,000 Markov chain Monte Carlo (MCMC) replicates 
for the burn-in period and further iterations, respectively. 
Runs were performed for 1–20 potential clusters (K) using 
20 iterations for each test. To infer the optimal number of 
K, we applied the ΔK method by Evanno et al. (2005) using 
the STRU CTU RE HARVESTER 0.6.94 software (Earl and 
Von Holdt 2012). Results were visualized using the online 
software CLUMPAK (Kopelman et al. 2015).
To test for genetic bottleneck effects, the software BOT-
TLENECK (Cornuet and Luikart 1996) was used with 1000 
iterations and assuming a two-phase model (TPM). The 
TPM allows to assume different proportions (contributions) 
of the infinite allele model (IAM) and the stepwise mutation 
model (SMM) for all markers. Considering that dinucleotide 
and other perfect repeats follow the IAM while imperfect 
repeats rather follow the SMM, we selected the option with 
70% IAM and 30% SMM in accordance with our marker set 
(Cornuet and Luikart 1996; Cristescu et al. 2010).
Results
Genetic diversity
The German stands and North American populations showed 
similar levels of mean observed (Ho = 0.61 vs. 0.59) and 
expected (He = 0.63 vs. 0.65) heterozygosities, respectively 
(Table 3). These parameters were also similar across all 
populations (Ho = 0.57–0.62, He = 0.62–0.68, Table 3). The 
mean (Na) and effective (Ne) number of alleles also showed 
no significant differences between German and North Amer-
ican populations (Table 3). However, the number of private 
alleles and their mean frequency in Germany (9 in 12 popu-
lations, Np = 0.75) were significantly lower than those in the 
North American populations (19 in 4 populations, Np = 4.75) 
(Tables 3 and 4). In Germany, 5 of 9 private alleles were 
found in stands in Baden-Wuerttemberg, while two were 
found in each Brandenburg and Lower Saxony (Table 4). We 
detected no private alleles in stands from Thuringia or North 
Rhine-Westphalia. In North America, most private alleles 
were found in BR1 (Np = 9) and Constance Bay (Np = 5); 
both populations are located in the north of the natural dis-
tribution range. Relative frequencies of private alleles range 
from 0.009 to 0.042 (Table 4). Among all populations and 
tested parameters (Na, Ne, Ho, He, FIS), only FIS showed 
significant differences between the populations 18 (North 
Rhine-Westphalia) and BR1. No recent genetic bottleneck 
was detected using the BOTTLENECK software.
The search for outlier loci that could be potentially under 
selection identified only the EST-SSR FIR013 as a signifi-
cant outlier locus (Supplementary Table 2S and Fig. 3). At 
this marker, the North American population BR1 shows a 
higher frequency (0.24) of allele 138 in comparison with 
other populations (0.01–0.11).
Genetic differentiation and population structure
The PCoA based on Jost’s D between all populations showed 
that German stands densely clustered between the North 
American population FC-B, which is located in the north-
west of the natural range (Ford Forestry Center, Michigan), 
and Nantahala, which is located in the south of the range, in 
the western parts of North Carolina (Fig. 4). Constance Bay 
(Canada) and BR1 (Brockway Mountain, Michigan) were set 
apart from the German cluster. The first two principal coor-
dinates together explained 66.32% of the variation among 
populations. Also, the individual-based PCoA revealed 
more heterogeneous point clouds for the populations of 
North American origin as compared to the German planta-
tions. Especially, the two natural populations from Northern 
Michigan occupy a comparatively wide space in the two-
dimensional PCoA (Supplementary figures 5S and 6S).
To partition genetic variation among and within popula-
tions, a hierarchical AMOVA was performed for all popula-
tions (the entire dataset) and separately for the North Ameri-
can populations and all German populations (Supplementary 
Tables 3S, 4S, and 5S). In the entire dataset, 1.10% of the 
variation was due to partition among populations, while 
98.90% was due to variation within populations (among 
and within individuals), with all components being highly 
significant. In North America, 1.88% of the variation was 
due to partition among populations (p < 0.001), and 98.12% 
of the variation was due to variation within populations. In 
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German populations, the genetic variation among popula-
tions was lower than among North American populations 
(0.78%).
The STRU CTU RE and Delta K analyses of the entire 
dataset, as well as for North American and German popula-
tions, indicated no strong population structure (Supplemen-
tary figures 1S–4S).
The NJT did not reveal strong differentiation among Ger-
man populations (Fig. 5) and was in agreement with the 
STRU CTU RE and PCoA analyses. Most clusters were not 
well supported by bootstrap values. However, all four North 
American populations, BR1, FC-B, Nantahala, and Con-
stance Bay clustered together. The German population 31 
clustered close to Nantahala and Constance Bay populations, 
but this relationship was not well supported.
Discussion
Genetic variation at EST‑SSRs and nSSRs
Unlike nSSR markers, EST-SSRs are more conserved being 
located very close to functional genes whose variation is 
very likely to be limited due to selection. Thus, they fea-
ture higher transferability across species within genera than 
nSSR markers, but are not as polymorphic as nSSR mark-
ers (Ellis and Burke 2007; Kalia et al. 2011). Accordingly, 
for our dataset, mean allelic richness was lower for EST-
SSR markers (Na = 5.63) than for the neutral nSSR mark-
ers (Na = 15.04). This pattern was also observed for the 
observed and expected heterozygosity (neutral: Ho = 0.798, 
He = 0.850; EST: Ho = 0.474, He = 0.494). Although we iden-
tified EST-SSR marker FIR013 as an outlier locus, in gen-
eral, FST and Jost’s D were similar for potentially adaptive 
EST-SSR and neutral nSSR markers.
Genetic variation patterns indicate the origin 
of German populations from a limited area
Our results show that 19 rare alleles (relative frequen-
cies = 0.010–0.042), which are private in the examined 
North American populations, are not found in German 
populations. These drift-like effects can be attributed to the 
selection and sampling of seed sources. The occurrence of 
Table 4  Relative frequency of private alleles
*EST-SSR markers
Origin Population Locus Allele Relative 
frequency
Lower Saxony 7 FIR104* 231 0.020
VIT023* 113 0.028
Baden-Württemberg 22 VIT107* 129 0.010
24 1C06 289 0.012
1F07 295 0.012
26 FIR013* 134 0.010
0C11 198 0.009
Brandenburg 35 FIR028* 230 0.011
38 0E09 257 0.010
Brockway Moun-
tain, MI
BR1 1P10 268 0.021
FIR028* 236 0.010
FIR035* 166 0.010
FIR024* 210 0.023
GOT021* 95 0.042
PIE040* 182 0.011
0C11 232 0.011
VIT107* 145 0.011
VIT107* 151 0.011
Ottawa, Constance 
Bay
Constance Bay 2P24 170 0.011
3D15 243 0.011
0E09 243 0.011
1C06 295 0.022
PIE125* 148 0.021
Ford Forestry 
Center, MI
FC-B 0E09 253 0.038
PIE040* 155 0.026
Clay, Nantahala, 
Tusquitee
Nantahala 3A05 169 0.011
1F07 359 0.021
PIE125* 166 0.011
Fig. 3  Detection of outlier loci using the Arlequin software
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other rare alleles in German stands and the uniform values 
of Ho and He across populations show no signs of a recent 
reduction of the overall genetic variation in German stands. 
Moreover, Ho and He remained uniform across all popula-
tions showing no signs of recent bottleneck effects. The lack 
of indications for recent bottleneck effects does not exclude 
that European Northern red oak populations might have 
undergone bottleneck effects in Germany at all. A genetic 
bottleneck could have been induced a long time ago, for 
instance due to selective sampling within the native range. 
However, admixture of material within Europe and multi-
ple introductions over time could have maintained the high 
genetic variation in German populations (Magni Diaz 2004) 
but could also have led to a lower differentiation between 
introduced populations. Concerning the overall level of 
genetic variation in German Northern red oak stands, addi-
tional import of seeding material seems not to be necessary 
at the moment. But concerning the limited number of North 
American populations investigated in our study and with 
respect to future climate change scenarios, additional import 
of material from other parts of the natural range might be 
necessary in the future.
Interestingly, the number of private alleles among Ger-
man populations was especially high in Baden-Württemberg, 
suggesting multiple introductions or admixture of plant 
material before its introduction (Pettenkofer et al. 2019). In 
North America, 14 out of 19 private alleles were found in 
the northern populations BR-1 (9) and Constance Bay (5).
The AMOVA showed that only 1.10% of the genetic vari-
ation was due to partitioning among populations. The PCoA 
clusters that visualized the genetic differentiation between 
populations (Fig. 4) and the pairwise population genetic 
distances supported the data of Pettenkofer et al. (2019). 
German populations clustered densely occupying only a 
small part of the two-dimensional space in the PCoA plot 
indicating the introduction from a limited geographic range 
Fig. 4  Principal coordinate 
analysis (PCoA) of all popula-
tions (both coordinates together 
explain 66.32% of the variation 
between populations)
Fig. 5  Neighbor-joining tree (NJT) of the analyzed populations based on the genetic distance DA by Nei et al. (1983). Only bootstrap numbers 
above 50% are shown
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(Fig. 4). Likewise, the distribution of point clouds in individ-
ual-based PCoA analyses and earlier chloroplast DNA analy-
ses suggest that introduced populations originated from a 
limited range in the northern part of the species’ distribution.
Considering also the similar levels of genetic diversity in 
native and introduced populations and the absence of recent 
genetic bottlenecks, the clustering of populations in the 
PCoA supported the hypothesis that German stands might 
have been established with material from a particular region 
within the species’ native range.
Weak genetic structure was observed across all 
sampled populations
Although the bootstrap support was weak for most of the 
clusters, the NJT showed that the two North American 
populations that are located close to the Lake Superior in 
Michigan, USA (FC-B and BR1), are clustered together. For 
the North American cluster, however, bootstrap support was 
rather low (= 28%), showing only weak distinction between 
North American and German populations.
However, there is no strong evidence for inter-popula-
tional or inter-regional differentiation within both German 
stands and North American populations.
In this study, only the EST-SSR marker FIR013 was iden-
tified as potentially under selection. It was the most differ-
entiated marker with the highest FST value among all mark-
ers (Supplementary Table 2S), mostly due to the different 
frequencies of the FIR013 alleles in the North American 
population BR1 (data not shown), which was also the most 
differentiated population among all populations with the 
highest pairwise Jost’s D and FST values. FIR013 is located 
in a CONSTANS-like gene and represents a region consist-
ing of several tandemly repeated codons CAG and/or CAA 
encoding glutamine. This gene is known to be involved in 
the regulation of flowering time and photoperiodic control 
of growth (Lind-Riehl et al. 2014). Also, the distribution 
of alleles between populations of closely related Q. rubra 
and Q. ellipsoidalis shows that FIR013 might also serve as 
a marker to trace potential introgression of genes from Q. 
ellipsoidalis into Q. rubra (Lind-Riehl et al. 2014). Con-
sidering the overlap of ranges of both species in the Great 
Lakes region, genetic introgression may be one possible 
reason for higher differentiation of BR1. However, popula-
tion BR1 is located outside the current distribution range 
of Q. ellipsoidalis (Lind-Riehl et al. 2014). The absence of 
signatures of local adaptation in German populations may 
suggest that introduced populations were established with 
material from provenances with similar environmental con-
ditions as the ones prevailing in Germany (Liesebach and 
Schneck 2011; Pettenkofer et al. 2019). However, we only 
analyzed a limited number of potentially adaptive markers. 
Further analyses of candidate genes for local adaptation and 
of adaptive traits in provenance trials are needed to assess 
adaptive differences among provenances.
Conclusions and future perspective
Comparatively high levels of genetic variation at both EST-
SSRs and nSSRs in German stands suggest that additional 
import of seeding material from the native range is not 
required for maintaining a sufficiently high level of genetic 
variation in Germany. Estimation of chloroplast haplotype 
diversity (Pettenkofer et al. 2019) further revealed that plan-
tations in the southwest of Germany may provide a variable 
genetic resource. Moreover, Liesebach and Schneck (2011) 
state that German provenances perform better in respect of 
growth than provenances from the natural range. Therefore, 
additional import of material from the native range is not 
necessary to enhance the genetic variation or growth of 
local Northern red oak stands. The analysis of additional 
candidate genes for local adaptation and of adaptive traits 
(e.g., drought tolerance) in provenance trials is needed 
to assess adaptive differences among German and North 
American provenances. The identification and genotyping 
of large numbers of SNPs can be achieved by genotyping 
by sequencing techniques such as restriction site-associated 
DNA sequencing (RADseq) and thus provide a new source 
of genome-wide potentially adaptive markers (Miller et al. 
2007; Davey and Blaxter 2010).
Finally, North American populations representing the 
natural range could be characterized at nuclear and chloro-
plast DNA markers to narrow down the geographic origin 
of German plantations.
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